ABSTRACT Ligation and recombination of the DNA of cauliflower mosaic virus (CaMV) is demonstrated by the following experiments: (i) Ligation: Different noninfectious fragments ofthe CaMV genome (obtained after insertion into plasmid pBR322 followed by enzymatic excision) regained infectivity when mixtures of them were used to inoculate their host. The symptom appearance was delayed by comparison with a typical CaMV infection, and only the newly formed leaves were affected. (ii) Recombination: Pairs of noninfectious recombinant full-length CaMV genomes (integrated into pBR322 at different restriction endonuclease sites) regained infectivity upon simultaneous inoculation of a sensitive host. The symptomatology of the resulting infection was indistinguishable from that of a typical CaMV infection. We show that progeny DNA had the same characteristics (size, structure, restriction endonuclease digestion pattern) as bona fide CaMV DNA, and that the vector pBR322 had been completely eliminated. A cloned tandem dimer of CaMV DNA with a partial deletion similarly was infectious in the plant assays. This system should be useful to study the expression of mutant genomes, thus allowing characterization of the CaMV genes.
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Recombination of eukarvotic DNA molecules has been observed both during meiosis and as a result of biological processes unrelated to sexual reproduction. This phenomenon has not yet been explained at the molecular level. The approach to this problem has been the development of model systems based on animal DNA viral recombination [e.g., simian virus 40 (SV40)] (1) . With plants such a system can be studied by using cauliflower mosaic virus (CaV). The genome of this virus is a double-stranded, relaxed circular DNA molecule, 8 ,024 base pairs (bp) long (2) . Three single-stranded discontinuities ("gaps") occur in most strains (3, 4) . Our previous work (5, 6) and that of Howell et al. (7) have shown that double-stranded, full-length, nongapped (5, 6) , cloned CaMV DNA, when released from the bacterial vector, is infectious and yields virions with all the characteristics of typical CaMV. This demonstrates that the plant cells are able to perform at least one of the functions needed for recombination, namely ligation. In this paper we demonstrate that the plant cell promotes also the ligation of CaMV inoculated as two separately cloned restriction fragments, vielding fully infectious virions.
It was also interesting to find out whether complete recombination is possible. For this purpose the double-stranded circular genome of CaMV was integrated into bacterial plasmids at different unique restriction sites. The resulting hybrids each contained full-length CaMV DNA but were not infectious (5) unless released from the vector. We now show that upon simultaneous inoculation of a host of CaMV with pairs of these hybrids infectious virions are released. Infectivity was also recovered upon inoculation with a cloned partially deleted tandem dimer of CaMV (6) .
While this paper was being written, a paper by Howell et al. (8) appeared using somewhat different methods to show that CaMV DNA molecules can undergo recombination in plants. A comparison of these results and ours will be presented in Discussion. MATERIALS AND METHODS Virus Purification. CaMV Cabb-S (9) and its cloned derivatives were grown in turnips (Brassica rapa Linnaeus, cv. Just Right) and purified according to Hull et al. (10) .
Viral DNA Extraction and Cloning. DNA was isolated from purified virus, cloned, and analyzed as described by Hohn et al. (11) .
Plasmids and CaMV Clones Used. The following were used:
pHC79 (12) Purification of Total DNA from Infected Plants. The method used is based on that described bv Zimmerman and Goldberg (14) . Twenty grams of fresh leaves, without midribs, were frozen and ground to a fine powder in liquid nitrogen. Cells were lysed at 60°C for 15 min by addition of 20 ml of 200 mM Tris- HCl (pH 9)/200 mM EDTA/4% NaDodSO4. Proteins were extracted with a 1:1 (vol/vol) mixture of phenol and chloroform.
The aqueous phase was washed three times with chloroform. Nucleic acids were then precipitated from the aqueous phase with ethanol and resuspended in a buffer consisting of 50 mM Tris-HCl, pH 7.9/50 mM NaCl/5 mM EDTA. The contaminating RNA and proteins were removed by successive treatment with RNase A at 0.2 mg/ml for 1 hr at 370C and proteinase Abbreviations: CaMV, cauliflower mosaic virus; SV40, simian virus 40; bp, base pair(s).
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The publication costs ofthis article were defraved-in part by page charge payment. This article must therefore be herebv marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. K (Merck, Darmstadt) at 1 mg/ml in 0.5% NaDodSO4 for 2 hr at 37TC. Proteins were extracted once more with phenol and chloroform and DNA was precipitated with ethanol and solubilized in 50 mM Tris HCl, pH 7.9/50 mM NaCV5 mM EDTA.
The concentration of each preparation was estimated by spectrophotometry: for AO-'% (260 nm) a value of 20 was assumed.
DNA-DNA Hybridization. Either labeled CaMV DNA or pBR322 was used as a hybridization probe (see Results). Five micrograms of total DNA (either intact or digested with a restriction endonuclease) was fractionated by gel electrophoresis, denatured in situ, and transferred onto nitrocellulose sheets (Schleicher & Schill 85 BA) according to the method of Southern (15) as modified by Breathnach et al (16) . DNA was labeled to 2 X 107 cpm/,ug with [a-32P]dATP (2,000 Ci/mmol, Amersham; 1 Ci = 3.7 x .1010 becquerels) using Escherichia coli DNA polymerase (Boehringer) according to the nick-translation method of Rigby et at (17) . (Fig. 2, lane (Fig. 1, lane c) . The absence of radioactivity from lane d demonstrates the elimination of.pBR322 during the mixed infection. vector were not amplified (Fig. 2, lane d) .
To ascertain sequence homogeneity of progeny DNA from the ternary mixed infection, virions were extracted from infected plants and the DNA was mapped by several restriction enzymes that cleave in the putative recombination regions. The population of encapsidated viral DNA arising after inoculation with the mixture of clones is homogeneous, contains the three gaps (Fig. 3, lane 4) , and exhibits the same restriction patterns as control viral DNA (Fig. 3, lanes 5-18) . (5) (6) (7) . This lack ofinfectivity could have several explanations: (i) toxicity of the plasmid sequence for the plant cell [this phenomenon has already been described for SV40-pBR322 hybrids in animal cells (20, 21) ]; (ii) inhibition ofviral functions by the increased size ofthe DNA [Gronenborn et aL (22) Fig. 4 . Also shown is how intramolecular recombination of a (partially deleted) tandem dimer clone of CaMV DNA could form intact DNA. This case constitutes a situation comparable to that of the biologically active cloned SV40 and polyoma virus hybrids (20, 25) .
DISCUSSION
Our system probably depends on positive selection pressure for recombination. Two types of pressure might be exerted: (i) pBR322 sequences may be toxic to the plant cell and therefore tend to become eliminated. It should be recalled that pBR322 sequences are only poorly replicated when introduced into animal cells in connection with SV40, polyoma virus, or papilloma virus sequences (1, (20) (21) (22) (23) (24) (25) (26) . (ii) The pBR322 sequences may interfere with CaMV replication and expression as discussed above. Thus molecules from which the foreign sequences are eliminated by recombination are efficiently replicated and expressed. It appears that our method, in contrast to that used by Howell et al. (8) in which CaMV DNA is freed from plasmid by restriction endonuclease digestion, allows the recombination process to occur without the need for DNA molecules to have homologous sticky ends and that the plant cell is able to promote the whole recombination process. Such a recombination system should thus permit us to create in vivo recombinants containing the genome of two CaMV strains. Appropriate choice of the CaMV fragments of each strain used should enable us to determine the function of each CaMV gene.
